Abstract: Crystal formation is a highly debated problem. This report shows that the crystallization of l-(+)-tartaric acid from water follows a non-classical path involving intermediate hydrated states. Analytical ultracentrifugation indicates solution clusters of the initial stages aggregate to form an early intermediate. Terahertz spectroscopy performed during water evaporation highlights a transient increase in the absorption during nucleation; this indicates the recurrence of water molecules that are expelled from the intermediate phase. Besides, a transient resonance at 750 GHz, which can be assigned to a natural vibration of large hydrated aggregates, vanishes after the final crystal has formed. Furthermore, THz data reveal the vibration of nanosized clusters in the dilute solution indicated by analytical ultracentrifugation. Infrared spectroscopy and wideangle X-ray scattering highlight that the intermediate is not a crystalline hydrate. These results demonstrate that nanoscopic intermediate units assemble to form the first solvent-free crystalline nuclei upon dehydration.
Crystallization is a subject of intense research and discussion. [1] [2] [3] On the one hand, classical nucleation theory considers the existence of a nucleus of critical size as the central transitional state for the direct formation of growing nuclei. The structure of this nucleus depends on the level of supersaturation. On the other hand, so-called non-classical approaches assume that the nucleation of crystals does not proceed directly, but includes intermediate states. [4] [5] [6] [7] In two-step nucleation, density fluctuations lead to the formation of a metastable dense liquid, in which crystals are nucleated at enhanced rates in a second step. [8] According to the pre-nucleation cluster pathway, thermodynamically stable solute clusters are direct precursors to liquid-liquid separation, in which the nucleated nanodroplets aggregate and eventually yield amorphous intermediates by solidification as the precursors to crystals. [9] Proposed intermediate states in the case of organic crystallization also include short-range supramolecular synthons, [10] nucleation phases, and long range synthons. [2, 6] In this non-classical view, the liquid-like clusters and intermediates in the pre-and post-nucleation stages, respectively, show distinct short-range orders but still contain solvent molecules. [1, 4] These solvent molecules are expelled once the system transforms into the final crystal, which is the energetically favorable state. Here, we primarily use far-infrared spectroscopy, which is sensitive to intermolecular and lattice vibrations. [11, 12] We employ terahertz time-domain spectroscopy in the attenuated total reflection (ATR) geometry. [13] Terahertz spectroscopic investigations in combination with analytical ultracentrifugation (AUC), infrared (IR) and wide-angle X-ray scattering (WAXS) analyses allow us to delineate a comprehensive view on the multiple stages of the crystallization of l-(+ +)-tartaric acid from aqueous solution. Figure 1 illustrates this non-classical view and the different intermediate states in the context of our THz experiment. In the top left balloon, we see a schematic representation of the supersaturated solution in which individual molecules surrounded by hydration layers are crowded together. In addition, clusters form, which can contain water molecules. The middle balloon shows the nucleation stage (including pre-and post-nucleation stages), [9, 14] characterized by smaller or larger fragments of attached molecules, which could have the same arrangement and short-range order as in the final crystal. [2, 15, 16] In between these fragments are still water molecules. The balloon on the right is a schematic representation of the final crystal after water expulsion. As time proceeds and water evaporates, different areas within the probed sample reservoir undergo the different stages at slightly different times, that is, not synchronously. Hence, at a given time, the probed volume can contain all different stages. This is shown in the middle of Figure 1 for a small section of the probed volume. The relative contribution of these stages to the total volume changes with time. The bottom of Figure 1 shows a scheme of the core of the setup as described in the methods section. The molecule or crystal studied here is anhydrous l-(+ +)-tartaric acid (l-(+)-TA), which in crystalline form exhibits a pronounced absorption resonance at 1.1 THz, which arises from an external rotation about the a axis. [17, 18] l-(+)-TA powder was dissolved in distilled water to obtain a 1.060 m solution. This solution was placed in the sample chamber on top of the ATR prism and was repeatedly measured over more than 60 h until the water was entirely evaporated and a crystal had formed. Figure 2 A shows a color-coded view of the THz absorption spectrum in the time-frequency plane. This graph can be dissected into three stages. Initially, until approximately 32 h, we are in the solution phase. During this stage, the absorption of bulk water dominates the spectrum. In the frequency window considered here, the absorption spectrum of bulk water is featureless and resembles a square-root shape. [19] Figure S6 in the Supporting Information presents the absorption and refractive index of the water in the THz range, measured with our ATR THz-TDS setup. With increasing time, the concentration of bulk water decreases (due to evaporation) and, consequently, the ratio between bulk water and hydration shell water, which surrounds the freely floating molecules and clusters, drops. Hence, the time axis also reflects the concentration of the mixture. Since bulk water has a higher absorption than hydrated water in the lower THz range, [20] the total absorption of the solution decreases with time. At times after 39 h, we are in the crystalline phase and the known absorption peak around 1.1 THz dominates the spectrum.
AUC analyses of the solution phase reveal the existence of a low concentration of clusters (0.5-3.3 wt % increasing with experimental time), which are approximately 2.2 nm (see the Supporting Information, Table S1) in hydrodynamic diameter containing > 30 TA molecules already in the initial homogeneous solution besides a majority of hydrated TA (see the Supporting Information). As time proceeds, these clusters and larger aggregates of 2.7 nm diameter can be observed, which likely represent the direct precursors to the intermediate formed in the nucleation stage, since their concentration increases with experimental time prior to nucleation. In addition, THz spectra obtained during the solution stage exhibit weak resonances, which could arise from clusters and aggregates evidenced by AUC ( Figure S6 in the Supporting Information). The nucleation stage lies between 32 and 39 h, where the THz data show two distinct interesting features. First, the absorption decreases abruptly, then shows a transient increase around 36 h, which lasts only for one hour. The abrupt decrease and the transient increase are observable over a wide frequency range. To further illustrate this, we show in Figure 2 B the THz absorption versus time for different frequencies. Only at the position of the peak at 1.1 THz, the absorption in the final state is higher than that of the transient temporal peak around 36 h.
The second interesting feature is an absorption peak around 750 GHz, which is present only during the nucleation stage. As this peak is not evident in the color-coded plot in Figure 2 A, we plot a set of spectra for different times in Figure 3 . The three red spectra in the background are obtained at different times in the solution phase. The three black spectra in the front clearly show the peak at 1.1 THz and were recorded after the final crystal had formed. The three blue curves are obtained during the nucleation stage. The second blue curve shows a broadband transient increase, which we attribute to the reoccurrence of bulk water, as water molecules are released when a certain fraction of the probed volume transforms into the final crystal. [2] Figure 2. A) Color map of the THz absorption spectrum during crystallization and B) absorption coefficient of the solution versus time for selected frequencies. Between the solution phase and the crystalline phase we observe a transient stage that we call nucleation stage. As time progresses the concentration of the solution increases, but not necessarily in a linear relation with time. Figure 3 . Set of absorption spectra for selected times. From left to right, the curves were recorded at (HH/MM) 7:00, 16:00, 26:00, 36:00, 36:30, 37:15, 38:00, 42:00, and 47:00. We recorded a spectrum every 3 min. The curves shown represent an average of 11 subsequent spectra centered around the respective time; except for the 5th spectrum shown (36:30), which represents an average of only 7 spectra due to the quick dynamics observed around this time.
Furthermore, one observes the crystal resonance at 1.1 THz, the relative strength of which increases with time as the final crystals gain volume (cf. Figure 1) . In addition, the data show the above-mentioned peak at 750 GHz, which we attribute to a natural vibration of entities of several inter-connected molecules surrounded by water molecules, as present in the nucleation stage. Indeed, additional IR spectroscopic and WAXS analyses of the nucleation stage as well as a THz ATR measurement on an aqueous solution of meso-tartaric acid monohydrate show that this feature cannot be due to the formation of an intermediate crystalline hydrate (see Figures S2, S3 , and S7 in the Supporting Information). As time progresses and the final crystals constitute a continuously increasing fraction of the probed volume, the relative contribution of the 750 GHz becomes continuously smaller. One notes that the probed volume does not homogeneously undergo the different phases of crystallization (cf. Figure 1) . For example, the second blue curve in Figure 3 shows the 750 GHz peak associated with the nucleation stage, the broadband absorption increase associated with water expulsion, and also a weak 1.1 THz crystal resonance.
Two further experiments verify that the peak at 750 GHz is associated with the presence of water molecules around smaller or larger fragments of assembled molecules. In these two experiments, we used pure methanol as a solvent for l-(+ +)-TA (0.939 m). Methanol has a lower absorption coefficient than water in the THz range. [21] Besides, methanol evaporates faster than water. Consequently, the crystallization process moves faster with methanol as solvent. In one case, the reservoir above the sample cell was purged with dry nitrogen. The corresponding spectra are shown in Figure 4 A. In the solution phase, we again observe a rather featureless spectrum dominated by the absorption of methanol. In the crystalline phase, we now observe two natural vibrational resonances located at 1 and 1.16 THz. Evidently, the resulting crystal has a different structure and, hence, a different vibration spectrum than that obtained with water as a solvent. [22] This is not surprising, as it is well known that the solvent used can influence the crystallization outcome in terms of the final crystal structure, that is, polymorphism. However, in this case, in which we ensure that almost no water molecules will enter the solution, we do not observe anything similar to the nucleation stage described above and also no transient peak. Figure 4 C (black curve) exemplarily shows the absorption at 800 GHz, which looks clearly different to what was observed for the aqueous solution.
In the second experiment, the methanol/l-(+)-TA solution was exposed to ambient air. In this case, one again observes the transient peak at 750 GHz. It is well known that methanol is highly hygroscopic. [23, 24] Hence, after some time, the methanol/l-(+)-TA solution will also contain a significant amount of water molecules that can form a hydration shell around the l-(+ +)-TA molecules and can be in between smaller or larger fragments of attached molecules during the nucleation stage. In the end, we again observe the crystal peak at 1.1 THz, suggesting that we obtain the same crystal structure as with the water solution. Besides, the temporal behavior of the absorption at 800 GHz looks similar again to the case in which pure water served as solvent (Figure 4 C, red curve) . In particular, one observes again a transient increase directly before the final crystal phase is reached (Figure 4 B, C ) , due to the expulsion of water during the transformation into the final crystal.
The experiments presented here demonstrate that the crystallization of l-(+ +)-tartaric acid in water follows a non-classical pathway via clusters that are already present in the starting solution. A second larger cluster is observed at later sampling stages, suggesting aggregation of the primary clusters, as was observed for CaCO 3 . [25] We observe a nucleation stage characterized by a transient absorption peak at 750 GHz, which we attribute to a natural vibration of aggregates of attached l-(+)-TA molecules surrounded by water molecules. Upon transformation into the final crystal water is expelled. This is reflected in a transient broadband absorption increase. Every spectrum was recorded within 3 min. The curves show an average of 11 subsequent spectra centered around the respective time. C) shows the absorption comparison at 800 GHz for both measurements.
In conclusion, the crystallization of l-(+ +) tartaric acid in aqueous solution involves solution clusters and intermediate stages, and water plays a key role. Thus, THz absorption spectroscopy in an ATR geometry is a new technique that opens the door to a systematic exploration of crystallization pathways in different systems. This could also have great impact on the field of crystal engineering, because fundamental questions as to the mechanisms of crystallization can be addressed.
